We present a galactic chemical evolution model which adopts updated prescriptions for all the main processes governing the dust cycle. We follow in detail the evolution of the abundances of several chemical species (C, O, S, Si, Fe and Zn) in the gas and dust of a typical dwarf irregular galaxy. The dwarf irregular galaxy is assumed to evolve with a low but continuous level of star formation and experience galactic winds triggered by supernova (SN) explosions. We predict the evolution of the gas to dust ratio in such a galaxy and discuss critically the main processes involving dust, such as dust production by asymptotic giant branch stars and Type II SNe, destruction and accretion (gas condensation in clouds). We then apply our model to damped Lyman α (DLA) systems which are believed to be dwarf irregulars, as witnessed by their abundance patterns. Our main conclusions are the following. (i) We can reproduce the observed gas to dust ratio in dwarf galaxies. (ii) We find that the process of dust accretion plays a fundamental role in the evolution of dust and in certain cases it becomes the dominant process in the dust cycle. On the other hand, dust destruction seems to be a negligible process in irregulars. (iii) Concerning DLA systems, we show that the observed gas-phase abundances of silicon, normalized to volatile elements (zinc and sulfur), are in agreement with our model. (iv) The abundances of iron and silicon in DLA systems suggest that the two elements undergo a different history of dust formation and evolution. Our work casts light on the nature of ironrich dust: the observed depletion pattern of iron is well reproduced only when an additional source of iron dust is considered. Here we explore the possibility of a contribution from Type Ia SNe as well as an efficient accretion of iron nanoparticles.
I N T RO D U C T I O N
The origin and the evolution of dust is one of the most important problems in Astrophysics. Cosmic dust plays a central role in the physics of the interstellar medium (ISM): it governs the scattering, absorption, re-emission of stellar light (Desért, Boulanger & Puget 1990; Witt & Gordon 2000) and it affects the spectral energy distribution (SED) of background sources (Silva et al. 1998; Granato et al. 2000) . Nowadays the presence of dust is widely studied, in the local framework (Rémy-Ruyer et al. 2014; Davies et al. 2016) as well as in the cosmological context (Bekki 2013; McKinnon et al. 2016; Popping, Somerville & Galametz 2016) . Dust properties have been determined from many kind of observations such as infrared continuum emission, depletion patterns in the E-mail: gioannini@oats.inaf.it (LG); matteucci@oats.inaf.it (FM) ISM (Jenkins 2009 ), isotopic anomalies in meteorites ), extinction (Aguirre 1999) , etc. Refractory elements (e.g. Si, Mg, Fe, Ni) are the ones which are subject to elemental depletion since a fraction of their abundances in the ISM is incorporated into dust grains. The circumstellar environments of evolved stars represent the sites where cosmic dust comes from, producing materials of silicate and carbonaceous type, i.e. the most important populations of dust species in the Universe (Draine & Li 2007) . Stellar winds eject these dust particles in the ISM, and then, dust experiences lots of processes, which can decrease or increase its abundance and affect its size (Ferrarotti & Gail 2006; Zhukovska, Gail & Trieloff 2008) . Thermal sputtering, evaporation in grain-grain collision, thermal sublimation or desorption are some examples of destruction processes, but the most important mechanism for cycling dust back to the gas phase resides in supernova (SN) shocks (McKee 1989; Dwek & Scalo 1980; Jones et al. 1994) . On the other hand, grain growth by dust coagulation and metals accretion on to pre-existing grains increases either the dust mass or size and preferably occur in molecular clouds (Liffman & Clayton 1989; Hirashita 2000; Asano et al. 2013) . These clouds are the sites where stars form and where new production of dust occur. All these processes together give rise to the so-called 'dust cycle'. Dwek (1998, hereafter D98) developed a chemical evolution model of the Milky Way, taking into account all the processes participating in the dust cycle. Since D98, significant progress has been made concerning dust properties, both in theory and in observations. Calura, Pipino & Matteucci (2008, hereafter C08) modelled the evolution of dust in galaxies of different morphological types. New theoretical prescriptions about dust processing have appeared in more recent papers (Inoue 2011; Piovan et al. 2011; Asano et al. 2013; Hirashita 2013; Mattsson, Aringer & Andersen 2015) . Highquality observations carried out using satellites and ground-based telescopes have shed light on the nature and composition of the dust in local and high-redshift galaxies (Carilli et al. 2001; Draine 2003; Michałowski et al. 2010; Wang et al. 2010; Gall, Andersen & Hjorth 2011) . In particular, damped Lyman α (DLA) systems (Wolfe et al. 1986; Wolfe, Gawiser & Prochaska 2005 ) offer a great opportunity for studying the composition of the ISM and constraining dust properties at different cosmic times (Pei, Fall & Bechtold 1991; Pettini et al. 1994; Vladilo & Péroux 2005; Vladilo et al. 2011) .
In this work, we present a galactic chemical evolution model that incorporates updated prescriptions for dust production, accretion and destruction. We compare our results with other models widely employed in literature, and we constrain the origin and properties of cosmic dust by comparing these models with data of dwarf irregular galaxies and DLA systems. One of the specific aims is to find a plausible interpretation, in terms of dust evolution, of the rise of iron depletion with increasing metallicity in DLA systems that has been known for a long time but for which there are no clear explanations (Vladilo 2004) .
In the first part of the paper we present the new chemical model with dust, which adopts updated prescriptions for all the main processes governing the dust cycle. In Section 2 we present the chemical evolution model adopted while the explanation for the dust model will be given in Section 3. In Section 4 we present our results on the amount, composition and evolution of dust in dwarf irregular galaxies. In the second part we show in Section 5 the comparison between our dust model and observational data of DLA systems. Finally, in Section 6 some conclusions are drawn.
C H E M I C A L E VO L U T I O N M O D E L
To study the evolution of chemical abundances we use selfconsistent chemical evolution models, in which the instantaneous recycling approximation (IRA) is relaxed and the stellar lifetimes are taken into account.
The model assumes that dwarf galaxies form by the infall of primordial gas (infall mass M infall ), which accumulates in a preexisting dark matter halo. Dwarf galaxies are described in more detail in Bradamante, Matteucci & D'Ercole (1998) , Lanfranchi & Matteucci (2004) and Vincenzo et al. (2014) .
The birthrate function represents the number of stars formed in the mass interval m and m + dm in the time range between t and t + dt. It depends on two physical quantities, the star formation rate (SFR = ψ(t) ) and the stellar initial mass function (IMF = φ(m)):
B(m, t) = ψ(t)φ(m).
(1)
The SFR determines the rate at which the stars form and it is usually expressed in M yr −1 . We adopt a simple Schmidt law for the SFR (Schmidt 1959) :
where ν is the star formation efficiency (G yr −1 ) and the parameter k is set equal to 1. G(t) is the mass fraction of the ISM relative to the total mass accumulated up to the present time, G(t) = M ISM (t)/M tot (t G ). The star formation efficiency, defined as the SFR per unit mass of gas, can assume very different values depending on the morphological type of the modelled galaxy. Its inverse represents the time-scale at which the total amount of gas is converted into stars. In this work, the IMF is assumed to be constant in space and time and normalized to unity in the mass interval between 0.1 and 100 M . In this work, we will adopt the Salpeter (1955) IMF:
and the Scalo (1986) IMF, characterized by a two slope power law: 
In the next section we will show and discuss the basic equations used in the chemical evolution code which take into account the evolution of stars, SNe feedback, galactic winds and the infall of primordial gas.
Basic equations
Let us define G i (t) = G(t)X i (t) as the fractional mass of the element i at the time t in the ISM, where X i (t) represents the abundance of the element i in the gas at the time t. The temporal evolution of G i (t) is described by the following expression:
G i (t) = −ψ(t)X i (t) + R i (t) +Ġ i,inf (t) −Ġ i,w (t).
(i) The first term represents the rate at which the fraction of the element i is removed by the ISM due to the SFR.
(ii) R i (t) is the returned mass fraction of the element i injected into the ISM from stars thanks to stellar winds and SN explosions. This term takes into account nucleosynthesis prescriptions concerning stellar yields and SN progenitor models. R i (t) can be described as in Matteucci & Greggio (1986) :
The first term on the right-hand side takes into account the enrichment of the element i restored in the ISM by individual stars with a mass range between M L and M Bm , which are respectively the minimum mass of a star contributing to the chemical enrichment of the ISM (M L = 0.8 M ) and the minimum mass of a binary system that can give rise to Type Ia SNe (M Bm = 3 M ).
where τ m is the lifetime of a star of mass m, contains all the information about stellar nucleosynthesis for elements produced or destroyed by nuclear reactions inside each single star and injected into the ISM (Talbot & Arnett 1971) . The second term gives the enrichment due to binary systems originating Type Ia SNe. For this type of SNe the single degenerate scenario is assumed, where a single C-O white dwarf explodes by the C-deflagration mechanism after having exceeded the Chandrasekhar mass (1.44 M ). A is a parameter representing the unknown fraction of binary stars giving rise to Type Ia SNe and it is fixed by reproducing the observed present time SN Ia rate. μ = M 2 /M B is defined as the ratio between the secondary component of the system over the total mass and f(μ) represents the distribution of this ratio. M B M is the mass limit of the system and it is set to 16 M : in fact, if one of the two stars in the system exceeds the mass of 8 M , a Type II SN would result. Finally, τ m2 is the lifetime of the secondary star of the binary system, or rather the explosion time-scale. The third term of equation (6) (6) concerns the stars with masses above M B M and lower than 100 M : all these stars explode as core-collapse SNe.
(iii) The third term of equation (5) represents the rate of the infall of the element i. The infalling gas is not pre-enriched and consists in a pure primordial composition. The infall rate follows a decaying exponential law characterized by the infall time-scale τ :
where is the normalization constant constrained to reproduce the total mass at the present time. The time-scale of the infall τ is a free parameter which is fixed by reproducing the observed infall rate of the studied galaxy.
(iv) The last term of equation (5) concerns the outflow of the element i due to galactic wind which occurs when the thermal energy of the gas heated by SN explosions exceeds its binding energy. The rate of the gas lost via galactic wind is proportional to the SFR and it is described as follows:
where ω i is a parameter which in our model is set equal for each element or, in other words, the wind is not differential.
Nucleosynthetic prescriptions
Stars reprocess the ISM and contribute to the chemical enrichment of a galaxy. The stellar yields represent the amount of both newly formed and pre-existing elements injected into the ISM by the stars when they die. In our model we adopt different stellar yields for the contribution of low-mass stars, Type Ia and Type II SNe.
(i) For low-and intermediate-mass stars (LIMS with masses 0.8 < m < 8 M ) we use the metallicity-dependent yields of van den Hoek & Groenewegen (1997) .
(ii) We assume that massive stars (m > 8 M ) explode as corecollapse SNe adopting the yields suggested by François et al. (2004) , who performed an empirical modification to the ones of Woosley & Weaver (1995) . In the case of sulfur we adopted the yields suggested in Vladilo et al. (2011) .
(iii) For Type Ia SNe we assume the yields of Iwamoto et al. (1999) .
D U S T C H E M I C A L E VO L U T I O N M O D E L
The evolution of dust is one of the most critical issues in Astrophysics. It is first produced by different types of stars, but during the galactic evolution, several physical phenomena critically modify the ISM and therefore the interstellar dust. In particular, astronomical observations and pre-solar grains analysis from meteorites indicate that physical processes responsible for the evolution of dust can be divided in two groups. The first takes into account all the mechanisms which change the total dust mass (destruction processes and grain growth by accretion), while the second group includes processes, like shattering and coagulation (Asano et al. 2013) , which affect the grain size distribution. This work considers the evolution of the total amount of dust and its chemical composition during the cosmic time, so all the processes affecting the grain-size distribution are not taken into account.
We use the same approach first used by D98, later adopted in C08 and more recently by Grieco et al. (2014) . The equation for the dust evolution is similar to equation (2), but it includes all the physical processes which change the mass distribution of dust in the ISM, beside dust production by stars. Defining G i, dust = X i, dust G(t) as the normalized mass of the element i at the time t in the dust phase, we can writė
This equation takes into account all the processes which govern the so-called dust cycle: the first term on the right-hand side of the equation represents the rate at which the dust is removed from the ISM and utilized to form new stars (astration), whereas the second one gives the dust production rate of stars; the third and the fourth terms represent the processes which occur in the ISM and are dust accretion and destruction, respectively; the last term indicates the rate of dust expelled by galactic winds assuming dust and ISM to be coupled. In the next paragraphs we will discuss these terms in more details (see also C08 for a more detailed description).
Dust formation
Asymptotic giant branch (AGB) stars and SNe represent the first environments where dust form: depending on the physical structure of the progenitor, various dust species can originate. The second term in the right-hand side of equation (9) deals with the dust production by stars and can be described by the following expression:
This equation is the same of equation (6) Piovan et al. (2011, hereafter P11) for AGB stars and Type II SNe: these values depend on the mass and the metallicity of progenitor stars and have been derived from the comparison between theoretical studies and observational data. In the next paragraphs we will discuss the yields of dust by AGB stars and Type II SNe adopting these prescriptions and compare them with others widely employed in literature.
A separate discussion must be reserved to Type Ia SNe for which observational data and theoretical studies progressively changed their role concerning dust production. During the last decade, the search for newly formed dust in Type Ia SN remnants (SNRs) has been performed by Spitzer and Herschel satellites: most of the results attribute the infrared emission to the shocked interstellar dust, with no detection of the newly formed one (Blair et al. 2007; Gomez et al. 2012; Williams et al. 2012) . From a theoretical point of view, Nozawa et al. (2011) predicted that dust formed in Type Ia SN explosions is destroyed before it can be injected into the ISM. The condensation efficiency δ 
Dust from AGB stars
The cold envelope of AGB stars is a good environment in which nucleation and the formation of the first dust-seeds can occur. The total amount of dust produced in the previous phases of these stars is negligible because of the low amount of material in their ejecta and because the physical conditions of their winds do not favour its formation (Gail 2009 ). The dust species formed during the AGB phase of LIMS strongly depend on their surface composition (Ferrarotti & Gail 2006) . The stellar mass and metallicity play a key role in the number of thermal pulses that occur in pre-AGB phases and determine the surface composition, and therefore, the formation of particular dust species (Ferrarotti & Gail 2006; Ventura et al. 2012; Nanni et al. 2013) .
In Fig. 1 we show the condensation efficiencies of AGB stars as predicted in P11 for carbon, silicon, magnesium, oxygen and iron, which are the elements we focus in this work. δ AGB i values depend on the stellar mass and the metallicity, thus accounting for the dependence of the C/O ratio in their surfaces. δ AGB C dominates at lower metallicities and then decreases towards higher ones favouring the condensation of heavier elements. This is in agreement with AGB models of Nanni et al. (2013) , where C/O in the stellar surfaces decreases with the metallicity. In Fig. 2 we show the carbon and oxygen dust mass produced by AGB stars in the mass range 1-8 M : the yields peak at mass values between 2 and 3 M . Carbon is the only element with a non-negligible dust yield for two main reasons: it has a relatively high condensation efficiency and AGB stars are strong carbon producers. Carbon dust yields are comparable with the D98, Zhukovska (2008) and Valiante et al. (2009) prescriptions. On the other hand, elements heavier than carbon have lower condensation efficiencies and yields (Romano et al. 2010) , which cause the net separation between the carbon and silicate dust production: here, it seems that AGB stars are not able to form silicates. Actually, LIMS can also produce some amount of such dust species: the yields presented in Fig. 2 reflect only the newly produced element abundance. In our chemical evolution model, it is also considered the fraction of the initial stellar mass that has not been processed in the inner region of the star and that during AGB phases is expelled into the ISM: this returned mass composition reflects that of the star when it was formed, and could be chemically enriched by heavy elements. According to the differential condensation efficiencies, part of this mass can condensate, forming silicates in a non-negligible mass fraction.
Dust from Type II SNe
Type II SNe are believed to cover an important role in dust production as witnessed by observations. Thanks to infrared and submillimetre studies, evidence of the presence of dust in the environment of historical SNRs like SN 1987A (Danziger et al. 1991; Matsuura et al. 2011) , Cas A and the Crab nebula has been observed (Gomez 2013 and reference therein). Core-collapse SNe are prolific dust factories, forming a total amount of dust between 0.1 and 0.7 M . Furthermore, the origin of dust in quasi-stellar object (QSO) hosts at high redshift can be only explained by a particular source able to reproduce a consistent amount of dust mass in less than 1 Gyr of cosmic evolution. Stars with masses higher than 8 M can explode as Type II SNe in less than 30 Myr (Matteucci & Greggio 1986) : for this reason they are believed to be the main source of dust in early epochs of galactic evolution (e.g. Maiolino et al. 2006) , although some other studies consider that either AGB stars (Valiante et al. 2009; Dwek & Cherchneff 2011) or dust accretion (Pipino et al. 2011; Calura et al. 2014; Mancini et al. 2015) might play a significant role in the dust enrichment of such highredshift objects. Even if Herschel, Submillimetre Common-User Bolometer Array (SCUBA) and more recently Atacama Large Millimeter/submillimeter Array (ALMA) are acquiring a great deal of data, it is not easy to give a satisfactory estimate of the total amount of dust produced from Type II SNe. In particular, it is unknown what is the real effect of the reverse shock which has a typical timescale of 10 3 -10 4 yr, longer than the actual lifetime of historical SNe (Bianchi & Schneider 2007) .
In Fig. 3 , dust yields from various authors are compared with the ones used in this work. Bianchi & Schneider (2007) revisited the previous work of Todini & Ferrara (2001) on Type II SNe dust yields predicting the formation of 0.1-0.6 M of dust in the ejecta of 12-40 M stellar progenitors. Considering also the presence of reverse shock, they concluded that only between 2 and (2011) for three different hydrogen densities: as the ambient density increase, the destruction process becomes more efficient, leading to lower dust yields. In our work we adopt the yields which correspond to n H = 1 cm −3 . Todini & Ferrara (2001) prescriptions are shown in dash-dot red line, Bianchi & Schneider (2007) with and without considering the presence of the reverse shock in black solid and short-dashed line, respectively, Zhukovska (2008) with the contribution of all dust species in long-dashed blue line and D98 in magenta dash-dot-dot line.
20 per cent of the initial dust mass can survive. In an independent work, Zhukovska (2008) predict a similar amount of dust for such objects: their prescriptions come both from theoretical studies and observational data which included infrared dust emission in SNRs, the amount of dust in historical SNe and studies on pre-solar grains in meteorites. Another important role is played by the environment surrounding the explosion of Type II SNe: the higher the density, the more resistance the shock will encounter and the more dust will be destroyed (Nozawa et al. 2007; P11) . On the other hand, in a lower density environment, dust can easily resist to the passage of the shock, causing a more efficient dust formation.
Also for Type II SNe we adopt the dust δ i II predicted by P11, which are calculated by taking into account the above-mentioned studies on dust formation, destruction as well as the density of the environment in which the SNe explode. Black lines in Fig. 3 show the total dust production considering three different conditions for the density of neutral hydrogen, i.e. n H = 0.1-1-10 cm −3 . In lowdensity environments the amount of dust produced is similar to the prescription of Todini & Ferrara (2001) and Bianchi & Schneider (2007) , whereas in high-density regions dust production becomes similar to the models where the reverse shock is included. In this work we adopt the yields of P11 corresponding to a neutral hydrogen density of n H = 1 cm −3 : with this selection we do not overestimate nor underestimate previous prescriptions for high-mass progenitors.
Dust destruction
In literature it is possible to find various prescriptions describing dust destruction in the ISM. The main process for dust destruction is the sputtering in the ISM in high-velocity SN shocks. The timescale of dust destruction is independent on the dust mass and it can be expressed as reported by C08:
where M ISM is the mass of the ISM in the galaxy, SN rate represents the supernova rate and M Swept is the amount of mass swept up by the remnant. McKee (1989) suggested M Swept = 6800 M with an efficiency = 0.2. Zhukovska (2008) predicted that the position of SNe in the galaxy influences the swept up mass. Furthermore, they adopted differential destruction time-scales depending on the dust species. Mancini et al. (2015) used prescriptions of de Bennassuti et al. (2014) , where different parameters are adopted for core-collapse SNe and pair-instability ones (M > 100 M ). Another interesting study was made by Asano et al. (2013, hereafter A13) , in which some differences can be highlighted with respect to equation (11). They suggest an efficiency = 0.1 and predict that M Swept becomes smaller either when the density of the ISM is higher (because the amount of material that blocks SN blast is larger) or when the metallicity increases (the line cooling of metals is more efficient, leading to a lower temperature and higher density). Their prescription gives
where n = 1.0 cm −3 is the ISM density surrounding the SN environment. The swept mass in this case, assuming Z/Z < 1 is always above the value of 1300 M , as used in C08.
In this work we will use the updated metallicity-dependent prescriptions written in equation (12), whereas the destruction timescale in equation (11) will be only used for comparison to the C08 model. Table 1 . Parameters adopted for the different chemical evolution models. In columns from left to right we show the name of the model, the star formation efficiency (expressed in Gyr −1 ), the mass of the galaxy (in M ), the infall time-scale (in Gyr), the wind parameter (dimensionless) and the adopted IMF. In the seventh, eighth and ninth columns we show the different prescriptions used for condensation efficiencies (δ i ), destruction and accretion time-scales, respectively. D98, P11 and A13 refer to prescriptions of Dwek (1998) , Piovan et al. (2011) and Asano et al. (2013) , respectively.
Name 
Dust accretion
Some processes, like coagulation, increase the dust size favouring the formation of larger grain particles. As already pointed out, in this work we only follow the mass evolution of the dust and therefore we only consider as dust accretion the condensation of metals on to the surface of pre-existing dust grains. This process takes place efficiently in cold dense regions and, for this reason, it preferably occurs in molecular clouds rather than in the diffuse ISM. Since the pioneering work of D98, it was pointed out that grain growth is one of the fundamental ingredients in studying the dust mass evolution and, more recently, other studies support this thesis (Valiante et al. 2011; A13; Hirashita 2013; Mancini et al. 2015) . In C08 the time-scale for the accretion is expressed as
where f i represents the ratio between the dust and the gas phase of the element i. τ 0,i represents the typical lifetime of a molecular cloud which in C08 was kept constant for all elements at the value of 5 × 10 7 yr. Dust accretion depends on many other parameters such as the fraction of molecular clouds in the whole galaxy rather than their fraction of metals. For this reasons Hirashita (2000) expressed the rate of dust accretion as follows:
where χ i = (1 − f i ), X cl represents the fraction of the cool component in the ISM, τ g is the characteristic dust growth time-scale and
Even if some elements (refractories) tend to be more depleted in dust grains with respect to others (volatiles), the dust composition consists substantially of metals. This justifies the relation given by A13 between the growth time-scale and the metallicity:
where the parameters reproduce the physical structure of a molecular clouds as well properties of dust grains. The typical time-scale τ g = 2 Myr is reached when physical parameters are set on T = 50 K for temperature, n = 100 cm −3 for density andā = 0.1 µm for the typical size of grains.
In this work we use the prescription of equation (14) with the inclusion of the metallicity-dependent time-scale of equation (16).
MODEL RESULTS
In this section we present the predictions for the evolution of dust in dwarf irregular galaxies for a set of chosen models. Dwarf irregulars are low-mass and low-luminosity galaxies which are characterized by on-going star formation. Many previous works have constrained the parameters of chemical evolution models for these galaxies. They also showed the effects of varying the model parameters for irregulars but also for galaxies of different morphological type: Bradamante et al. (1998) Côté et al. (2016) studied the uncertainties in galactic chemical evolution models for the Milky Way, but without making a direct comparison with observational data. This paper is not focused on the precise characterization of a peculiar irregular galaxy: here, we use instead a typical dwarf irregular galaxy model, which is characterized by a low and continuous star formation, a relatively long infall time-scale and a moderate galactic wind rate, as already adopted in previous works, in particular in C08. The various models we considered and the prescriptions adopted for dust processing are reported in Table 1 . In this table we show the model name in the first column, we report the assumed star formation efficiency in the second column, in the third column the infalling mass, in the fourth column the time-scale of the infall, in the fifth column the wind efficiency, in the sixth column the assumed IMF and in the seventh column the references to the assumed dust condensation efficiencies are reported. Finally, in columns eight and nine we indicate the references to the assumed dust destruction and accretion time-scales, respectively. Our typical irregular galaxy model is represented by the I0, I1 and I3 models, which only differ for dust prescriptions. In fact, we are particularly interested in the variation between the different dust prescriptions: in particular, model I3 represents our best model, as it includes the most updated ones. Here, we also performed some tests by changing the model parameters: in more detail, we found that acceptable values for the star formation efficiency, ν, lie in the range 0.4-1.0 Gyr −1 ; the time-scale of the infall has a modest effect on the abundances and it lies in the range 5-10 Gyr. Finally, the wind parameter can vary between 1 and 2.5 in order to obtain acceptable results concerning the abundance patterns. In Fig. 4 we present the effects on the SFR by varying such parameters. In the top panel we show that the SFR increases with ν, although a very small difference is found between models with ν = 1 and ν = 0.4. In the middle panel we show that the spread caused by the wind parameter is also very small and it appears important only at late epochs, when the galactic wind is active. In the bottom panel of the same figure, one can see that the variation of the SFR is negligible when the time of the infall is larger than 5.0 Gyr. We obtain different results only when the time-scale of the infall is lower (i.e. 1.0 Gyr): the SFR reaches higher values at early epochs, because of the high amount of gas available to form stars, whereas at the end of the simulation is lower, because all the gas has been already consumed. The spread shown in Fig. 4 is in agreement with the typical behaviour of irregulars, which, on average, are characterized by a smooth SFR with typical variations of factors 2-3 (Grebel 2004 ) and present time values between 0.001 and 0.36 M yr −1 according to their stellar mass (Kennicutt et al. 2011) . For the rest of this paper model I3 will be regarded as the fiducial one, as it accounts for the SFR values measured in DLAs as well as for their observed abundance pattern. In Fig. 5 we show the evolution of some quantities related to model I3. In the top panel we show the behaviour of the SFR in comparison with the values measured in irregulars and DLA systems. In the middle panel, we show the time evolution of the masses of stars, ISM and the mass lost by galactic wind: at the beginning, the mass of the ISM represents the major component of the galaxy and it increases as the pristine infalling gas accretes to form the galaxy. As the SFR rises, also the stellar mass and the SN rate increase, as visible in the middle and bottom panel, respectively. This causes the formation of a galactic wind which considerably reduces the mass of the ISM. In the bottom panel of Fig. 5 , we show the predicted Type II and Type Ia SN rates, which are important both for dust and gas components. The trend of Type II SN rate traces the SFR one, because of the very short typical time-scales involved (from 1 to 30 Myr). On the other hand, Type Ia SNe are characterized by longer time-scales (from 30 Myr up to the time of the Universe). Finally, we tested the effect of suppressing the chemical enrichment (2007) computed assuming a scale radius of 1 kpc as a typical size for DLAs, whereas the blue area represents the range measured in dwarf irregulars by Kennicutt et al. (2011) . In the middle panel we show the evolution of the mass (in solar masses) of the ISM (blue solid), stars (green dot-dashed) and the mass loss by galactic wind (red dashed). In the bottom panel we show the Type II and Type Ia SN rates (in number per year) in red solid and blue dashed, respectively. from massive stars (M > 18 M ) by assuming that these stars implode as black holes instead of exploding as SNe. As this is the first time that this issue is included in a chemical evolution model with dust, we will show and discuss the results of this test in a dedicated section (Section 4.1.1).
Dust to gas ratio
Here we present the dust-to-gas ratio predicted by our models for a typical irregular galaxy undergoing different possible types of dust evolution. In practice, we changed the parameters related to dust processing (see Table 1 ) while keeping fixed the remaining parameters concerning the evolution of the ISM.
In Fig. 6 we show the ratio between the mass of dust and neutral hydrogen, D = M dust /M H I , versus the metallicity for different chemical evolution models and observations. Data were taken from Lisenfeld & Ferrara (1998) (local dwarf irregulars), Hirashita et al. (2008) (blue compact dwarf spheroidals), which have been collected in Galametz et al. (2011) . Those authors estimated the amount of dust mass from far-infrared measurements and compared them with the amount of neutral hydrogen and oxygen.
I0 and I1 models (red dashed and solid, respectively), only consider dust production and destruction: I0 model, which adopts D98 prescriptions, produces a higher amount of dust with respect to I1, which adopts the updated ones. The two curves differ at the lowest metallicities: the offset between the two is cause by the major amount of dust ejected by Type II and Ia SNe when D98 δ i are adopted (see Section 4.2). For log (O/H) + 12 > 8, the two models converge and predict a same value for the dust-to-gas ratio. Dwarf galaxies have very low star formation efficiency, which could reflect the paucity of molecular clouds present in these environments. In C08, dust accretion was not taken into account, as this process preferably occurs in such clouds. However, we tried to include dust accretion in other models because it seems to play a fundamental role during the entire evolution of a galaxy (see Section 4.3; Dwek & Cherchneff 2011; Asano et al. 2013; Mancini et al. 2015 ). The I2 model contains the same prescriptions used in C08, including dust accretion: the total amount of dust in model I2 is higher than in I0 and the discrepancy increases at higher metallicities. The separation between the two models is evident since log (O/H) + 12 > 7 values, indicating that in I2 dust accretion becomes the dominant process since the early phases of dust evolution. Finally, model I3 adopts P11 δ i and the new prescriptions for the swept up mass and for the accretion time-scale, as described in equations (12) and (16), respectively. In this case, the discrepancy from I1 is negligible for lower metallicities, becoming larger when log (O/H) + 12 > 8. It means that in I3 model, dust accretion becomes important at higher metallicities or, in other words, at longer evolution time-scales with respect to I2.
I2 and I3 are the only models which can reproduce the observed high amount of dust. This indicates that dust accretion performs an important role in dust evolution and it should be modelled in a proper way: the I3 model better reproduces the trend observed in data, which seems to increase steeper with the metallicity.
Massive star cut-off
For a long time, the scientific community has reserved great interest to the study of massive stars (above 10 M ). In spite of this, nowadays it is not completely clear which stars do explode as SNe and which ones do collapse to a black hole. In fact, recent theoretical and observational studies suggest the possibility that some massive stars may directly collapse to a black hole without enriching chemically the ISM. From a theoretical point of view, it has been known for a long time that very high mass star explosions are more unlikely than those of lower masses (Fryer 1999 shown that core-collapse explosion and direct black hole formation are both possible outcomes for progenitor stars above 15 M . From the observational point of view, there is no evidence for SN progenitor mass above ∼20 M (Smartt et al. 2009 ). Smartt (2015) explores the evolution of massive stars after the quiescent phase on the main sequence: the most probable scenario shows that stars above 18 M fail SN explosion and directly collapse to a black hole. However, this is a strong assumption and many uncertainties are still present. An indication of the fact that this problem is not completely understood comes from Ugliano et al. (2012) : in fact, their predictions do not take into account binary effects and, despite all black holes should swallow the progenitor star, they found an exception for a mass progenitor star of 37 M . They also concluded that a direct comparison with observations requires caution.
Massive stars are very important actors in chemical evolution models as they are responsible for metal production. For this reason, model predictions can be affected when the chemical enrichment of massive stars is not considered. In addition, even if massive stars do not explode as SNe, the mass loss via stellar wind integrated over the stellar life, contributes to the chemical enrichment of the ISM and cannot be neglected, especially for C and He. Brown & Woosley (2013) have already tested the effect of cutting chemical enrichment from massive stars in the chemical evolution of the solar neighbourhood. In their model, they cannot reproduce the observed abundances without the chemical contribution of stars above 18 M . On the other hand, they slightly reproduce the chemical pattern when the cut-off is moved to 25 M , and even better to 40 M .
In this paper we test for the first time the effect of the mass cut-off concerning high-mass stars in the chemical evolution model which takes into account the presence of dust. A mass cut-off of 18 M means that the chemical contribution of the stars above this mass is not taken into account. In Fig. 7 we show the evolution of model I3 with different cut-off masses. We found disagreement between models and data when the cut-off mass is set below 25 M . On the other hand, our models reproduce the data when a mass cutoff ≥35 M is adopted: in fact, above this value, different cut-off masses lead to a little scatter and all of the models are able to reproduce the bulk of the data. Concerning the upper value of D of all different models we did not find big differences: this indicates that the dust production is not deeply affected by the cut-off mass. It is not possible to say the same for the metallicity: in fact, massive stars are very important metal producers, especially for alpha elements such as oxygen. It is impossible to reach log(O/H) + 12 > 7.7 when we cut the contribution of massive stars above 18 M , whereas a cut-off of 25 M leads to log(O/H) + 12 > 8 and is more acceptable. Finally, in order to reproduce the highest values of log(O/H) showed by the data, exploding masses up to 35-40 M are necessary. In the rest of the paper we will not further consider this cut-off, as we are most interested in the evolution of the dust and the effect that it produces on the observed chemical abundances of the ISM.
Dust composition
In this paragraph we focus on the composition of the dust. For the sake of comparison with D98 and C08 we consider two species of dust, namely silicates and carbonaceous dust. Following the definitions of D98 and C08, silicates are dust particles formed by O, Mg, Si, S, Ca and Fe elements, while C dust consists of carbonaceous solids. The possible presence of an iron-rich dust different from silicates will be discussed in Section 5.
In Fig. 8 we show the formation rate of silicates and carbonaceous dust predicted using the dust condensation efficiencies of D98 (thin lines) and P11 (thick lines). In the bottom panel one can see how the two dominant carbon dust sources are the Type II SNe and LIMS. As Type II SNe have shorter lifetimes with respect to LIMS (Matteucci & Greggio 1986; Padovani & Matteucci 1993) , they dominate the dust production in the earliest epochs of the galactic evolution. AGB stars strongly contribute to pollute the ISM with carbonaceous dust and they become the major producers, remaining comparable with Type II SNe until the present time. Type Ia SNe do not influence the balance of carbonaceous grains.
The evolution of silicate dust production is presented in the top panel of Fig. 8 : the bulk of this species is almost entirely produced by Type II SNe, whereas LIMS play a negligible role.
When D98 prescriptions are adopted, a higher dust production rate from Type II SNe and AGB stars is reached with respect to the model in which δ i from P11 are considered. Furthermore, Type Ia SNe play a fundamental role, as they produce lots of iron that in this case is counted among silicates: actually, the iron from Type Ia SNe could be accreted in a separate, iron-rich dust species, as we discuss at the end of Section 5.
Following dust evolution
Depending on the SFH of a galaxy, the fraction of the dust and the contribution of the different processes occurring in the ISM can vary. In our model we can differentiate them and know how they evolve during the galactic time.
In the top and middle panel of Fig. 9 we compare the rates of accretion, destruction and production of dust versus time for the I2 and I3 models, respectively. In this figure we are able to compare directly the different evolution of the dust when C08 or updated recipes are adopted. For the I2 model, dust destruction and accretion trace each other because of the definition of their typical time-scales are both proportional to the characteristic time of the star formation (see D98). Stars poorly contribute to the injection of dust in the ISM and the accretion process plays the major role during the whole galactic time. In the middle panel the evolution of I3 model we show, and some differences emerge. In the initial phase, dust production by Type II SNe is the most important process: in fact, these massive stars (8-40 M ) have short lifetimes and rapidly inject dust into the ISM. According to equation (14), the accretion rate increases because the dust amount in the ISM becomes higher and the infalling gas continues to accrete. In addition, equation (16) shows that the accretion time-scale becomes shorter as the metallicity increases, strengthening the rise of the accretion rate. At a certain point, the rate of dust production and accretion become equal and then, dust accretion dominates until the end of the simulation. This result is in agreement with prediction of Asano et al. (2013) who defined the socalled critical metallicity as the metallicity at which the contribution of dust accretion overtakes the dust production from stars. In I3 model the critical metallicity assumes a value Z crit,I3 = 0.442 Z (Z = 0.0134; Asplund et al. 2009 ). As already mentioned, for I2 model the accretion rate becomes important at early epochs and we found a lower value for the critical metallicity, Z crit,I2 = 0.172 Z .
It is interesting that dust destruction plays a negligible role, while the most important process able to decrease the amount of dust is the galactic wind: in fact, it not only removes directly the dust from the galaxy, but also regulates the efficiency of the accretion process. To better fix this concept, we report in the bottom panel of Fig. 9 the dust evolution for I4 model, characterized by a higher galactic wind parameter (ω = 5). In this case, dust accretion always lies below dust production and the critical metallicity is not reached: the galactic wind removes gas from the ISM which cannot condensate on to pre-existing dust grains any more, causing a reduction in the accretion rate. As before, in the earliest epochs the dust production rate is dominated by Type II SNe, but it decreases as soon as the galactic wind starts. On the other hand, the galactic wind does not deeply influence the dust production rate by AGB stars and, in this scenario, their contribution is similar to the one of Type II SNe. Galactic wind also decreases the destruction process: in such cases the SN rate decreases with the star formation (see Fig. 5 ), leading to higher values of destruction time-scales, according to equation (12).
C O M PA R I S O N W I T H D L A S Y S T E M S
In this section we compare our model with data of damped Lyman α systems (DLAs). DLAs are a class of QSO absorbers, with neutral hydrogen column density N (H I) ≥ 10 20.0 cm −2 and lying in the typical redshift range between 1 and 5 (Wolfe et al. 2005) . They are the best observables available of the ISM in the high-redshift Universe. Thanks to high-resolution spectroscopy, it is possible to measure high precision column densities from their spectra. Observations show a variation in metallicity during the cosmic time, revealing that these systems can be seen in different stages of their evolution. For this reason DLA systems offer a great opportunity for studying the composition of the ISM at different cosmic epochs and evolutionary stages. The nature and the morphological type of DLA-host galaxies have been the subject of a long debate (see e.g. Wolfe et al. 2005 ). The comparison with stellar abundances in local dwarf galaxies (Salvadori & Ferrara 2012; Cooke et al. 2015) or the study of α-element abundances with chemical evolution models (Matteucci, Molaro & Vladilo 1997; Calura, Matteucci & Vladilo 2003 ) is in agreement in associating DLA systems to dwarf starforming galaxies. Based on these previous results, we adopt our models of dwarf irregulars to test the behaviour of dust in DLA systems. In the top panel of Fig. 5 we show the model SFR compared with values measured in DLAs and in irregular galaxies.
The method
Comparing model results with observed abundances in DLA systems requires a specific methodology because the abundance measurements in such systems only refer to the gas phase of the ISM. This is because atoms or ions incorporated into dust grains cannot be detected with absorption-line spectroscopy and, as a result, the measured elemental abundances are depleted with respect to the total interstellar abundance (gas plus dust). The effects of dust in DLA systems have been considered in several papers (e.g. Junkkarinen et al. 2004; Vladilo et al. 2006; De Cia et al. 2013) . Calura et al. (2003) performed depletion corrections on DLA data in order directly compare them with the total abundances predicted by chemical evolution models.
Here we follow a different approach: with our model we calculate the amount of dust in the ISM and, by tracking the dust production, destruction and accretion of the different elements, we calculate their fractions in the dust phase. By subtracting this fraction from the total, we predict the gas-phase abundances that can be directly compared with the DLA abundance measurements. In this procedure, the condensation efficiencies of individual elements, δ i , as well as the prescriptions for the accretion and destruction described in Section 3, are used to calculate the individual gas-phase abundances. We focus on two refractory elements, iron and silicon, that are commonly measured in DLA systems and that are expected to be incorporated in dust form. Carbon abundances, which could be useful to test the presence of carbonaceous dust, are extremely rare in DLA systems due to the saturation of the interstellar carbon lines.
In order to tune the parameters of the DLA model we also use volatile elements, such as zinc and sulfur, which are not expected to be incorporated into the dust. Local interstellar observations (Jenkins 2009 ) and calculations of condensation temperatures (Lodders 2003) suggest that zinc and sulfur are mostly volatile in nature, even though the case of sulfur is not completely clear (Calura et al. 2009; Jenkins 2009 ). In high-density, molecular gas a fraction of zinc and sulfur might be incorporated in dust, but this is not a reason of concern in our case since the molecular fraction is generally very low in DLA systems (Ledoux, Petitjean & Srianand 2003) . Following the procedure of Vladilo et al. (2011, hereafter V11) , we first tune the parameters of galactic chemical evolution using the S/Zn ratio, which is unaffected by dust depletion processes both in the model predictions and in the data. We then use S and Zn as a reference to measure the relative abundances of the refractory elements Si and Fe, i.e. we study the ratios Si/S, Si/Zn, Fe/S and Fe/Zn. The models predictions for element-to-element ratios of this type are more robust than the predictions for absolute abundances (relative to hydrogen). At the same time, these ratios are strong indicators of the possible presence of dust, since in each case they represent a ratio between a refractory element, affected by dust processes, and a volatile element, not affected by dust processes.
We assume that the elemental abundances in the galactic ISM are determined by two processes: (1) chemical enrichment of the gas by stellar ejecta and (2) elemental depletion caused by the condensation of the gas on to dust particles. In principle, one should also take into account the ionization state of the gas for a precise conversion of the column densities into abundances, but ionization corrections for DLA measurements are generally smaller than the column density errors (Vladilo et al. 2001) .
DLA data
The data set used in this work is the same of V11, with the addition of 34 DLA systems with associated measurements collected in the last years. We report the entire dataset used in this work in Table 2:  in this Table, we report the name of QSO in column one and the absorption redshift in column two, while in the third, fourth, fifth and sixth columns are presented the column density measurements of zinc, sulfur, iron and silicon, respectively. In the last column are reported the codes for each column density which are associated with the literature references listed in Table 3 . Before comparing the data with the model predictions we have lowered and increased the Zn II and S II column densities, respectively, by 0.1 and 0.04 dex to Table 2 . The DLA sample used in this work. In the first column the QSO name, in the second the absorption redshift of the DLA system. Column density measurements of Zn II, S II, Fe II and Si II are reported in columns 3, 4, 5 and 6, respectively. Reference codes for the column densities are reported in columns 7, 8, 9 and 10: we report the corresponding literature references in Table 3. QSO zab log take into account the recent redetermination of the relative oscillator strengths provided by Kisielius et al. (2014 Kisielius et al. ( , 2015 . The data base of DLA Zn II and S II column densities found in the literature is instead based on Morton's (2003) oscillator strengths. In Table 2 we give the original column densities, before the application of this correction.
Results and comparison
As a first step of our procedure, we tailored our model to match the observed S/Zn ratio, which is not affected by dust parameters. We performed some tests on the input parameters of chemical evolution models: we changed the wind parameter, star formation efficiency, infall mass and IMF, as already explained in Section 4.
In Fig. 10 we show the comparison between the model results of the dwarf irregular and the observed abundances of volatile ele- Table 1 . Data: open circles are the measurements which were already present in Vladilo et al. (2011) work, while cyan circles represent the values of the sample presented in Table 2 . In the figure, zinc and sulfur column densities are corrected as suggested by Kisielius et al. (2014 Kisielius et al. ( , 2015 ) (see Section 5.2).
ments in DLA systems. The parameters for the model are reported in Table 1 . We refer to V11 for a study of the impact of parameter variations on the spread of the predicted S/Zn abundance ratios.
To reproduce the full span of S/Zn values of DLAs as a function of metallicity, the use of an inhomogeneous chemical evolution model would be required, similar to the one presented in Cescutti (2008) , and such a task is beyond the aim of the present paper.
In Fig. 11 we show the relative abundance ratios between refractory (Si, Fe) and volatile (S, Zn) versus the absolute abundance of the corresponding volatile. We studied each possible combination of these elements: Si/S and Fe/S versus S (in the top panels), and Si/Zn and Fe/Zn versus Zn (bottom panels). For dust prescriptions we adopted more recent P11 dust condensation efficiencies, swept up mass for destruction as in equation (12) and the accretion as in equation (16). For a direct comparison with data, we remove the dust contribution from the chemical predictions of the ISM (red line), obtaining the gas model (black solid lines). Assuming that volatile elements totally stay in the gas phase while a certain fraction of refractories is incorporated in dust grains, refractory gas abundances should show smaller values with respect to the total ISM (gas plus dust). For this reason we expect the refractory to volatile abundance ratios in the gas to lie below the total ISM abundances. In Fig. 11 we see that the ISM model lies above the majority of the data, in agreement with this expectation. The cases where the measurements lie above the model could be due either to the natural dispersion of the DLA sample or to the uncertainties related to the stellar yields for zinc, sulfur and silicon, which are especially critical at low metallicities (Romano et al. 2010) . We obtain interesting and different results for silicon and iron.
In the left-hand panels of Fig. 11 we show the case of silicon. The measured gas-phase DLA data show a moderate decrease with increasing metallicity. This suggests that the amount of silicon in dust has a moderate tendency to increase in the course of galactic chemical evolution. Concerning the models, the difference of the predictions before and after the removal of the dust is evident (red and black solid lines, respectively). We obtain a reasonable agreement between the model and the data for both Si/Zn and Si/S ratios. This suggests that the dust contribution of , et al. 1996 , ApJS, 107, 475 26f Ledoux, C., Petitjean, P., Srianand, R. 2006 16e Prochaska, J. X., Wolfe, A. M. 1996, ApJ, 470, 403 26g Meiring, J. D., Kulkarni, V. P., Khare, P., et al. 2006, MNRAS, 370, 43 18g Prochaska, J. X., Wolfe, A. M. 1998, ApJ, 507, 113 26i Peroux, C., Kulkarni, V. P., Meiring, J., et al. 2006, A&A, 450, 53 19b Lopez, S., Reimers, D., Rauch, et al. 1999, ApJ, 513, 598 26j Peroux, C., Meiring, J. D., Kulkarni, V. P., et al. 2006, MNRAS, 372, 369 19c Outram, P. J., Chaffee, F. H., Carswell, R. F. 1999, MNRAS, 310, 289 26k Prochaska, J. X., O'Meara, J. M., Herbert-Fort, S., et al. 2006, ApJ, 648, L97 19e Prochaska, J. X., Wolfe, A. M. 1999 , ApJS, 121, 369 27b Dessauges-Zavadsky, M., Calura, F., Prochaska, et al. 2007 , A&A, 470, 431 19d Pettini, M., Ellison, S. L., et al. 1999 Meiring, J. D., Lauroesch, J. T., Kulkarni, V. P., et al. 2007 , MNRAS, 376, 557 20b de la Varga, A., Reimers, D., Tytler, D., et al. 2000 27f Noterdaeme, P., Ledoux, C., Petitjean, P., et al. 2007, A&A, 474, 393 20c Molaro, P., Bonifacio, P., Centurion, M., et al. accretion together with dust production by Type II SNe and AGB is able to explain the depletion pattern of silicon observed in DLA systems. We notice that silicon observations are depleted even at the lowest metallicities of the sample, in agreement with a scenario in which Type II SNe give a fast contribution to silicon dust production.
In the right-hand panels of the same figure we show the pattern of iron abundance versus volatile elements. The abundance ratios show a marked decrease with metallicity as reported in previous work (V11). In this case the observed iron depletion tends to vanish at the lowest metallicities, suggesting that the mechanisms of production of iron-rich dust take place on longer time-scales than those typical of Type II SNe. The gap between the total ISM model and the gas-phase data increases with metallicity, indicating that the mechanisms of production of iron-rich dust must be metallicity dependent. However, at variance with the case of silicon, the gas-phase model (black solid line) does not fit at all the gas-phase Fe/S and Fe/Zn data. In fact, the model lies much higher than the data, suggesting that the adopted model predicts too little iron in dust. In this model, only the accretion process plays a significant contribution, whereas the dust production by Type II SNe and AGB stars leads to a negligible fraction with respect to the total iron abundance in the ISM. Even if we invoke a major contribution by either Type II SNe or AGB stars, the total iron in dust would be still negligible with respect to the huge iron amount ejected by Type I a SNe in the gas phase. For this reason, the model cannot predict any appreciable iron depletion until the metallicity becomes high enough to make the accretion process important.
It is evident that an extra source of iron dust production must be added to the model to reduce the discrepancy with the data. We considered two possibilities. First, we tested the potential contribution of Type Ia SNe to iron dust using the D98 prescription, even if we know that there is no observational support for this hypothesis (see Section 3.1). The results are shown as black short dashed lines in Fig. 11 . One can see that this model is unable to follow the trend of the measured iron abundance ratios. As a second possibility, we assumed that the bulk of iron is incorporated in a solid component, different from silicates, characterized by a high accretion efficiency. The existence of an iron dust population is suggested by other work (see Section 5.4). In particular, the existence of iron-rich, metallic nanoparticles is considered in recent studies (Draine & Hensley 2012 . Such particles might have sizes one order of magnitude smaller than the standard size of silicate particles adopted in equation (16). The same equation predicts that the accretion timescale should be correspondingly smaller. Therefore, to increase the efficiency of iron accretion we reduced the accretion time-scale by a factor 5 and 10. With such prescriptions we obtain a better match to the data (green short dotted lines and blue dashed-dotted lines in Fig. 11, respectively) .
All the models that we have considered trace each other in the low metallicity range (early epochs), while they evolve in a substantially different way at metallicities above log (S/H) + 12 6.5 and log (Zn/H) + 12 3.5 for sulfur and zinc, respectively. This is consistent with equation (16) and what we explained in Section 4.3: the dust accretion becomes important as the metallicity increases and, in particular, when it reaches a critical value.
Discussion
In our work we have reproduced the depletion pattern of silicon and iron in the ISM of DLA systems: we show that when we consider dust accretion and formation from Type II SNe and AGB stars, a good agreement is obtained for silicon, but not for iron. The results that we have found support a scenario in which iron and silicon undergo a different history of dust formation and evolution. Iron and silicon are believed to be coupled in silicate species, mostly in olivine (Mg 2y Fe 2(1 − y) SiO 4 ) and pyroxene (Mg x Fe (1 − x) SiO 3 ) compounds. The absorption of silicate features at 9.7 and 20 µm has been observed in a variety of environments, such as the diffuse ISM, cold and dark interstellar clouds, planetary nebulae and also in DLA systems (Nuth & Hecht 1990; Swamy 2005; Kulkarni et al. 2007) . Observations in the local interstellar clouds by Kimura, Mann & Jessberger (2003) suggested an iron enrichment in the cores of silicate grains composed by triolite (FeS), kamacite (FeNi) or oxides (FeO). Additional interstellar observations suggest the existence of a dust species decoupled from silicates: Fe and Si depletion in the Small Magellanic Cloud often diverges (Sofia et al. 2006) , indicating that iron is not tied to the same grains as silicon. Voshchinnikov & Henning (2010) studied dust depletion in 196 different sight lines of the Milky Way, arguing that silicates grains cannot be a composition of olivines and pyroxenes only, but some amount of iron should reside in another dust population. Iron needles could represent an important additional dust species, having an appreciable contribution in the total amount of iron dust: Dwek (2004a) argued that iron needles contribute to the unexpected extinction law in the mid-infrared observation (3-8 µm) of the Galactic Centre. In addition, theoretical prescriptions (Hoyle & Wickramasinghe 1999) , different abundance ratio in various physical conditions (Voshchinnikov & Henning 2010) and possible contribution of iron needles in Cas A (Dwek 2004b ) and SN 1987A (Wickramasinghe & Wickramasinghe 1993) may suggest that (1) those needles can be readily created in SNe environments, and (2) the destruction of silicates grains in the warm medium is more effective than for Fe-rich grains or, in other words that iron particles are more resistant in the harshest ISM conditions. Whilst the existence of a form of iron dust decoupled from silicates is suggested by many authors, its origin and nature are still under debate (Vladilo 2004) . The iron dust problem arises from the fact the bulk of this element is produced by Type Ia SNe, but at the same time there is no evidence of iron dust particles in these SNe (see end of Section 3.1). In our work we suggest that this iron species may originate directly in the ISM. Further evidence of iron dust accreting in the ISM is provided by Dwek (2016) . Here, we demonstrate this possibility in a chemical evolution context. Draine & Hensley (2012 ) also investigated the same possibility: they show that the submillimetre and millimetre excess observed in lowmetallicity galaxies might be explained by the presence of magnetic nanoparticles, with radius a < 0.1 µm, which include a large fraction of interstellar Fe.
If future observations will prove the existence of metallic nanoparticles, the possibility that such solid component is partly produced by Type Ia SNe could be addressed with specific observational tests. As far as models are concerned, new algorithms for the production of metallic nanoparticles by Type Ia SNe may be added to the efficient accretion in the ISM in order to improve the fit to the observed gas-phase abundances in DLA systems. This possibility will be explored in a future work.
C O N C L U S I O N S
In this work we have presented a chemical evolution model which takes into account the presence of dust utilizing new updated prescriptions. Dust formation is treated in the same way as first done by D98, but with the inclusion of improved condensation efficiencies of P11. With respect to other models such as those of C08 or Grieco et al. (2014) , we have also changed the accretion and destruction prescriptions, which are two very important processes in dust evolution. We have applied our model to dwarf irregular galaxies and DLA systems. Our main results can be summarized as follows.
(i) We studied the dust production rate and the processes occurring in the ISM during the galactic lifetime of a typical irregular galaxy. We have computed the evolution of dust by considering dust production (Type II SNe, AGB stars), destruction and accretion processes. It is worth noting that we excluded the Type Ia SNe as dust producers since there is no observational evidence for that. We have found that dust accretion plays a fundamental role in dust evolution and in certain phases it becomes the dominant process, governing the evolution of the dust mass in the ISM, as predicted by Asano et al. (2013) . Moreover our model reproduces the observed dust-to-gas ratios as function of metallicity in such galaxies.
(ii) We investigated the impact of the cut-off of high-mass stars (from 18 to 80 M ) on the chemical evolution of a typical irregular galaxy. We fail in reproducing the metallicity values observed in dwarf irregulars when the cut-off mass is assumed to be in the range 18-25 M . On the other hand, this effect does not deeply affect the predicted range of dust-to-gas ratio.
(iii) We compared the dust formation when both P11 and D98 condensation efficiencies are adopted. We found that the rate production of carbon is almost the same using different prescriptions, while the main differences concern silicates: using D98 condensation efficiencies, Type Ia SNe play a significant role and, in addition, a major contribution is given by Type II and LIMS.
(iv) Dust destruction represents a negligible process in dwarf irregulars, whereas the galactic wind is an important mechanism which can affect dust evolution: we showed that it can be the main responsible for stopping the accretion process in the ISM.
(v) We compared our model for irregulars with the data of DLA systems and we found that these objects can indeed be irregular galaxies, as already suggested in previous papers. We found a particular combination of parameters which best fit the DLAs. In particular, our comparison shows that the depletion pattern of silicon in these objects is well reproduced by the dust contributions of Type II SNe, AGBs and by the accretion process.
(vi) In the case of iron, at variance with the case of silicon, we find a good agreement with the data only when an extra dust source is considered: in particular, we tested the case of dust production by Type Ia SNe and the case of a more efficient accretion in the ISM. The different behaviour of iron and silicon that we find brings new evidence that a significant fraction of iron has to be incorporated into a dust population different from silicates, as suggested by previous works. Furthermore, as part of iron dust should be decoupled from silicates, it is possible that such species could originate in a different way: in particular, our results are consistent with a metallicitydependent accretion of iron nanoparticles.
